Using gene targeting in embryonic stem cells, we have derived mice with a null mutation in a DNA mismatch repair gene homolog, PMS2. We observed microsatellite instability in the male germline, in tail, and in tumor DNA of PMS2-deficient animals. We therefore conclude that PMS2 is involved in DNA mismatch repair in a variety of tissues. PMS2-deficient animals appear prone to sarcomas and lymphomas. PMS2-deficient males are infertile, producing only abnormal spermatozoa. Analysis of axial element and synaptonemal complex formation during prophase of meiosis I indicates abnormalities in chromosome synapsis. These observations suggest links among mismatch repair, genetic recombination, and chromosome synapsis in meiosis.
Introduction
Maintenance of genomic stability requires the proper functioning of replication, repair, and recombination processes. Among these, DNA mismatch repair plays a prominent role in the correction of replicative mismatches that escape DNA polymerase proofreading, mismatches that arise owing to spontaneous deamination of 5-methylcytosine, and mispairs that form during genetic recombination (Modrich, 1991) . One consequence of mutation in a DNA mismatch repair gene is an elevated rate of spontaneous mutation or a mutator phenotype.
Three genes, mutS, mutL, and mutH, are central to the correction of replication errors in Escherichia coil (Mod-* Present address: Alexion Pharmaceuticals, New Haven, Connecticut 06511. rich, 1991). Biochemical studies indicate that the MutS protein recognizes the mismatch and that the MutH protein acts in a complex with MutS and MutL as an endonuclease to induce an initiating single-stranded break on the newly synthesized strand (Modrich, 1991) . Although no biochemical activity has been identified, the MutL protein appears to affect mismatch recognition by MutS and to enhance the endonuclease activity of the MutH protein (Au et al., 1992) . The MutL protein has been classified as a "molecular matchmaker," a protein that promotes the formation of a complex between two or more DNA-binding proteins without necessarily functioning as part of the final effector complex (Sancar and Hearst, 1993) .
mutS and mutL homologs with roles in DNA mismatch repair have been identified in yeast and mammals (Kramer et al., 1989; Reenan and Kolodner, 1992; Fishel et al., 1993; Leach et al., 1993; Bronner et al., 1994; Papadopoulos et al., 1994; Prolla et al., 1994a) . Studies of the yeast Saccharomyces cerevisiae have identified several mut homologs, including a mutS homolog, MSH2 (Reenan and Kolodner, 1992) , and two mutL homologs, PMS1 and MLH1 (Kramer et al., 1989; Prolla et al., 1994a) . Each of these three genes plays an indispensable role in nuclear DNA replication fidelity, including the stabilization of dinucleotide repeats (Strand et al., 1993) . Recent studies suggest that the yeast MLH1 and PMS1 proteins function as a heterodimer and act in concert to bind a MSH2-heteroduplex complex, thus forming a ternary complex with DNA (Prolla et al., 1994b) .
In humans, mutation in MSH2, a mutS homolog (Fishel et al., 1993; Leach et al., 1993) , or in any of three mutL homologs, PMS2, PMS1, and MLH1 (Bronner et al., 1994; Nicolaides et al., 1994; Papadopoulos et al., 1994) , is associated with hereditary nonpolyposis colorectal cancer (HNPCC). Of the three mutL homologs implicated in HNPCC, human PMS2 appears to be most closely related to yeast PMS1 . Individuals heterozygous for suchmutations are prone not only to colorectal carcinoma but also to other cancers, including endometrial, ovarian, and stomach (Lynch et ai., 1993) . One characteristic of these tumors is frequent alterations in the length of microsatellite DNA sequences Thibodeau et al., 1993) . As reviewed elsewhere, microsatellite instability also has been reported for a variety of sporadic tumors , suggesting a more general role for mismatch repair mutation in human cancer. As expected for a defect in a major mismatch repair pathway, a tumor cell line defective in MLH1 shows not only microsatellite instability but also an increased level of base substitution mutations (Bhattacharyya et al., 1994) . Biochemical studies indicate that the human MSH2 protein can bind mispaired DNA and that human MLH1 and PMS2 are likely to exist as a heterodimer our unpublished data) .
In addition to reducing mutation, DNA mismatch repair proteins also act during genetic recombination. Most nota- bly, a mismatch repair defect results in failure to correct mispairs in heteroduplex DNA that is manifested in yeast tetrad analysis as postmeiotic segregation or sectored spore colonies (Petes et al., 1991) . Recent studies in yeast suggest additional interactions between mismatch repair and genetic recombination processes (Petes et al., 1991; Detloff et al., 1992; Alani et al., 1994) . In addition, mismatch repair defects are associated with low meiotic spore viability in yeast (WUliamson et al., 1985; Reenan and KoIodner, 1992; Prolla et al., 1994a) . In bacteria and yeast, mutation in mismatch repair can elevate recombination between repeated sequences and therefore potentiates genomic rearrangements (Petit et al., 1991; Selva et al., 1995) . Related in vitro studies with mismatch substrates show that the E. coil MutL and MutS proteins can influence branch migration accompanying RecA-mediated strand exchange (Worth et al., 1994) . Finally, the recently described mutS homolog, MSH4, plays a role in meiotic recombination, but not in replication fidelity in yeast (RossMacdonald and Roeder, 1994) . Therefore, a deficiency in mismatch repair in mammals could have consequences in the germline, through increased mutation or perturbations in meiotic events (or both) such as genetic recombination and chromosome synapsis.
To understand better the role of DNA mismatch repair in mammals, we have used gene targeting in mouse embryonic stem (ES) cells to derive animals with a null mutation in the mouse PMS2 gene. Here we report that PMS2-deficient males are sterile, producing only abnormal spermatozoa. The basis for abnormal spermatogenesis appears to be disruption of normal chromosome synapsis during meiosis.
Results
Isolation of Mouse PMS2 cDNA and Genomic Clones A human PMS2 cDNA fragment was used to isolate an apparent full-length mouse cDNA clone that contains an open reading frame of 2580 bp predicted to encode a protein of 859 amino acids (Figure 1) . Comparison of the predicted amino acid sequences indicates strong similarity between mouse and human ( Figure 1 ). Mouse PMS2 also shows 35% identity (56% similarity) to yeast PMSI. We mapped the mouse PMS2 gene by fluorescence in situ hybridization to mouse chromosome 5G2 (data not shown), a position syntenic with human chromosome 7p, the location of the human PMS2 gene implicated in HNPCC . Based on sequence comparison as well as synteny data, we conclude that our mouse PMS2 cDNA is equivalent to human PMS2.
Targeted Disruption of the Mouse PMS2 Gene
Using the PMS2 cDNA as probe, we isolated a phage from a strain 129/Sv library with a genomic DNA insert corresponding to exons 1-6 of mouse PMS2. To produce a null allele, we designed a targeting vector to replace exon 2, a region highly conserved in the mutL gene family, with the neomycin (neo) gene (Figure 2A ). The linearized targeting construct was electroporated into D3 ES cells. We obtained five targeted clones from 79 independent G418-resistant, gancylovir-resistant clones. Further analysis with 5' and 3' PMS2 probes indicated that no additional rearrangements had occurred flanking the neo insertion site (data not shown). Additionally, we could not detect any extraneous integrations of the targeting plasmid, including the herpes simplex virus thymidine kinase (HSV-tk) gene sequences (data not shown). We injected four of the targeted ES clones into C57BIJ6 blastocysts. Multiple chimeric animals were tested for their ability to transmit the targeted allele. One chimera transmitted the ES cell coat color to all of its offspring (30 animals), 13 of which were heterozygous for the targeted PMS2 mutation. age ( Figure 2B ). Of the 58 animals analyzed, we observed 16 wild type, 28 heterozygotes, and 14 homozygotes. These data indicate that homozygosity for the P M S 2 mutation is not associated with detectable embryonic or neonatal lethality.
Mice

Targeting of PMS2 Resulted in a Null Mutation
To establish that gene targeting had produced the intended null mutation, we measured PMS2 protein expression in fibroblasts cultured from day 15 P M S 2 +/+, PMS2 ÷/-, and P M S 2 -/-embryos. A Western blot of cell lysates using immunopurified anti-mouse PMS2 polyclonal antibodies can be seen in Figure 2C . An -1 0 0 kDa protein, corresponding to the PMS2 protein, is visible in PMS2 +/÷ and P M S 2 +~-lysates, but not in PMS2 -/-cell extracts. We conclude that the replacement of exon 2 of mouse PMS2 with the neo marker did result in a null mutation. During the first year of the cohort, we have documented six malignant tumors, four lymphomas, and two cervical sarcomas in 14 P M S 2 -/-mice compared with no tumors in either 16 wild-type or 28 P M S 2 +/-mice. We are continuing our analysis of the timing and spectrum of tumors in mice with P M S 2 mutation. Because microsatellite DNA instability is a feature of tumors with mismatch repair deficiency, we analyzed DNA from a thymic lymphoma and tail of a 6-month-old PMS2 -lmale. As can be seen by examples in Figure 3 , DNA from both the primary tumor and an enlarged lymph node showed novel allele lengths characteristic of a tumor with a mismatch repair defect. Of 10 dinucleotide repeat loci examined in this lymphoma, we observed six mutant alleles, thereby demonstrating association between a null mutation in P M S 2 and destabilized microsatellite DNA sequences. Analysis of a intestinal lymphoma and a cervical sarcoma in a 12-month-old P M S 2 -/-female showed similar levels of microsatellite instability (data not shown). Therefore, the P M S 2 gene appears to play a role in DNA mismatch repair in multiple cell lineages.
PMS2 Deficiency Is Associated with Male Sterility and Abnormal Spermatogenesis
To investigate possible germline effects of DNA mismatch repair deficiency, we examined fertility in PMS2-deficient animals. Whereas PMS2 -/-females appear fully fertile, as indicated by normal pregnancy rates and litter size, repeated breeding of P M S 2 -/-males with normal females failed to produce pregnancies. We then examined the contents of the cauda epididymis from age-matched PMS2 +l-and PMS2 -/-males (Figures 4A and 4B). As illustrated by example in Figure 4B , we observed only abnormal spermatozoa in the epididymis of the four P M S 2 -/-males examined. The contents of each PMS2 -/-epididymis was characterized by reduced number of spermatozoa, <25% of a normal male. Although grossly abnormal, with misshaped heads and truncated, irregular flagella ( Figure 4B (A) PMS2÷~-; (13) PMS2 J-. The sperm isolated from the PMS2 -~-animal showed abnormal morphology (scale bar, 100 p_m). In ((3) and (D) are shown seminiferous tubule cross sections from PMS2 +1 and PMS2 -~-animals, respectively (scale bar, 200 pro). In the PMSZ -~-testes, the spermatogonia (stem cells) are present as a peripheral cell layer. Primary spermatocytes are heteropycnotically staining cells lying just interior to the spermatogonia. Round spermatids have lighter-staining nuclei with a centrally located, dark-staining body. The center portion of the normal tubule (C) contains fully elongated spermatids with flagella extending into the lumen, whereas these features are absent in the PMS2 -/ animal (D).
Examination of seminiferous tubules from three PMS2-deficient mice showed abnormalities in the pattern of spermatogenesis. Although the number of spermatogonia and primary spermatocytes were similar in PMS2 -I-mutant and PMS2 +~-animals ( Figures 4C and 4D) , abnormal vacuolation was observed in primary spermatocytes from the PMS2 -~-males. In addition, the numbers of round, elongating, and elongated spermatids were reduced ( Figure 4D ), and many of these had abnormally shaped heads ( Figure  4D ). Furthermore, we observed abnormal, multinucleated round spermatids in the seminiferous tubules of PMS2 -~-males. In summary, analysis of the seminiferous tubules suggests that progression through spermatogenesis is first disrupted at the primary spermatocyte stage, coincident with meiosis I.
Destabilized Dinucleotide Repeats in the Male Germline of PMS2-Deficient Males
Next, we measured mutation at three dinucleotide repeat loci, D4Mit27, D9Mit67, and D15Mit59, in single spermatozoa from one normal and two PMS2-deficient animals. Data, summarized in Table 1 , indicate a high rate of mutation in the germline of the PMS2-deficient animals at each of the three loci. For D4Mit27, we analyzed DNA from single sperm obtained by fluorescence-activated cell sorting (FACS) or single molecule dilution. From 155 sperm from a normal C57BL/6 mouse, we observed only alleles of the expected length. In contrast, we observed mutations in 26 of 290 (8.9%) of the sperm from a PMS2-deficient male (animal 36), heterozygous for the C57BL/6 and 129/ Sv alleles at D4Mit27. Among these mutations, 16 represented one-repeat expansions while 10 were one-repeat contractions. Further, the mutations occurred equally in 129/Sv and C57BL/6 alleles (13:13). For a second PMS2-deficient male (animal 44), also heterozygous at D4Mit27, we observed 20 mutations (10 expansions and 10 contractions) from 122 sorted sperm, for a 16.4% mutation frequency. All mutations involved one-repeat changes to both alleles (13:7). Similar results were obtained from normal and PMS2-deficient spermatozoa for two other dinucleotide repeat loci, D9Mit67 and D15Mit59 (Table 1) .
These data indicate that there is an -1 0 % likelihood of observing a new allele at a dinucleotide repeat locus in the sperm from PMS2 -/-males. From these data we conclude that PMS2 deficiency results in the destabilization of simple DNA sequence repeats in the male germline. Using single molecule dilution on tail DNA from one of the PMS2-deficient animals, we observed microsatellite mutations at frequencies of 5.1% (3 of 58) and 8.1% (5 of 61) for D4Mit27 and D9Mit91, respectively. These data, plus the instability seen in the male germline and in tumor DNA, suggest a role for PMS2 in DNA mismatch repair in multiple tissues.
Meiotic Studies of PMS2-Deficient Males
As described above, the histological studies of spermatogenesis in PMS2-deficient males suggested an initial disruption at the primary spermatocyte stage, coincident with meiosis I. These abnormalities resembled those of males Data include single sperm and single molecule typings from total sperm DNA. Among 89 mutations, 84 were one-repeat changes, four were two-repeat changes, and one was a three-repeat alteration; 60% of all mutations were expansions.
with reduced fertility associated with chromosome rearrangements. In such males, failure of spermatogenesis has been attributed to synaptic disturbances involving the rearranged chromosomes (Forejt, 1985; de Boer and de Jong, 1989) . We therefore used light microscopy to examine silver-stained preparations of germ cell spreads from 10-week-old PMS2 +l-and PMS2 -~-males. Analysis of axial element and synaptonemal complex formation indicated normal meiotic prophase I progression in the PMS2 +~-males. In contrast, preparations from the PMS2-deficient males suggested frequent abnormalities in chromosome synapsis (data not shown).
To improve resolution, we examined PMS2-deficient meiotic cells by electron microscopy. Although -20% of nuclei appeared normal (19 completely synapsed autosoreal bivalents and the XY body), most nuclei displayed abnormalities indicative of a disruption in meiotic prophase I. Examples of abnormal prophase nuclei from a 6-week-old PMS2-deficient male can be seen in Figure 5 . The most prominent feature was frequent asynapsis (see Figures 5a-5f ). We observed many nuclei with extensive single axial element formation, but very little synapsis (see Figure 5a ). This contrasts with normal male zygotene nuclei in which single axial elements are rare because axial element formation only slightly precedes formation of the complete synaptonemal complex (Goetz et al., 1984) . Some nuclei were degenerating, as can be seen in Figure  5d . In addition, we observed several different types of nonhomologous synapsis: extensive synapsis of axial elements of different lengths, synapsis of terminal regions with internal regions, and switching of pairing partners (Figure 5a ). Furthermore, we observed nuclei with lesser amounts of asynapsis, including nuclei with one to four incompletely synapsed bivalents (see Figure 5b) . While small regions of asynapsis might be expected as synapsis nears completion in the late zygotene stage, we observed asynapsis in nuclei that by commonly used criteria (Moses, 1980) are characteristic of the later pachytene substages. In addition, staging of prophase in some cells from PMS2-deficient animals was difficult because a single nucleus could exhibit characteristics of more than one cell stage, for example, axes characteristic of unpaired homologs in the zygotene stage and an XY bivalent indicative of the pachytene stage.
We also noted several other types of anomalies in our analysis. One such anomaly was the association of an autosomal bivalent with the XY body (Figure 5e ), most frequently with the unpaired end of the X chromosome (Figure 5c ). These associations involved instances in which the autosomal bivalent was either fully (Figure 5c ) or partially (Figure 5e ) synapsed. Such associations are a common feature of sterile males with chromosome aberrations (de Boer and de Jong, 1989; Speed, 1989) . However, we did not observe quadrivalents or loop configurations, expected for homologous synapsis of translocation or inversion chromosomes (de Boer and de Jong, 1989; Speed, 1989) . In addition, we observed pachytene nuclei with "interlocked" bivalents. In these cases, the axis of the X or, less frequently, an autosomal bivalent appeared to be trapped between the axes of a fully synapsed bivalent (for an example see Figure 5f ). Such interlocks are normally resolved prior to full synapsis of the chromosomes in the pachytene stage, and failure to do so results in breakage in anaphase I.
In summary, examination of meiotic prophase I nuclei from PMS2-deficient males revealed abnormalities that include both limited and extensive asynapsis, nonhomologous synapsis, discontinuous synaptonemal complexes, interlocking bivalents, displaced XY bodies, associations of both asynaptic and normally synapsed autosomal bivalents with the sex chromosomes, and univalents in the diplotene stage of prophase I. From these observations, we suggest that PMS2 deficiency results in abnormalities in chromosome synapsis during meiotic prophase I.
Discussion
We have used gene targeting in ES cells to derive mice with a null mutation in a DNA mismatch repair gene homolog, PMS2. We have detected no embryonic or neonatal lethality associated with homozygosity for this PMS2 m utation. We demonstrated genomic instability at microsatellite loci in the male germline, in tumor, and in tail DNA from homozygous animals, suggesting that PMS2 is involved in DNA mismatch repair in a variety of tissues. One prominent aspect of the PMS2-deficient phenotype is male infertility. PMS2-deficient males produce only abnormal spermatozoa, as seen by examining cross sections of seminiferous tubules and the contents of the cauda epididymis. Studies of synaptonemal complex formation during prophase of meiosis I indicate abnormalities in chromosome synapsis. As discussed below, these observations suggest links among mismatch repair, genetic recombination, and initiation of chromosome synapsis during meiosis. (f) The X is nonhomologously synapsed with one autosome, a portion of which is asynaptic (A). The X has formed an interlock with another autosome (arrowhead). Scale bar, 10 nm. 
PMS2-Deficient Mice Show Microsatellite Instability in Normal and Tumorous Tissues
We were surprised that the prevalence of cancer in the PMS2 +/-and PMS2 -/-mutant mice was not higher. This might be due to residual PMS2 activity, due to genetic redundancy for PMS2 function, or due to the fact that mouse PMS2, despite its homology to the yeast mismatch repair gene PMS1 and the human HNPCC gene PMS2, does not function in DNA mismatch repair. Results of Western blot analysis on extracts from normal versus homozygous animals are consistent with disruption of normal PMS2 expression. Destabilization of microsatellite sequences in the male germline, in a sarcoma, and in two lymphomas strongly suggests a role for PMS2 in mismatch repair in these cell lineages. In fact, in the PMS2-deficient germline, mutation at microsatellite sequences appears to be elevated -1000-fold (Dietrich et al., 1992) . Furthermore, we have observed novel microsateUite alleles in tail DNA and single fibroblastoid cell clones from PMS2-deficient animals. Therefore, we conclude that we have produced a PMS2-deficient mouse that lacks DNA mismatch repair in a number of tissues.
Although the incidence of malignancy appears increased in PMS2-deficient mice, they are clearly not as prone to cancer as p53-deficient mice (Donehower et al., 1992) . This finding is consistent with the observation that in LiFraumeni kindreds, p53 mutation is associated with an earlier average age of onset than in HNPCC families (Li et al., 1988; . Other factors, such as agents or circumstances that increase cell proliferation, could contribute to tumorigenesis in mismatch repair-deficient tissues. Similar suggestions have been made in a recent report that indicates that a subset of HNPCC patients carrying germline mutation in either PMS2 or MLH1 show mismatch repair defects in normal tissues (Parsons et al., 1995) . The generation of mice with mutations in other DNA mismatch repair genes will be of interest.
PMS2-Deficient Males Are Sterile and Produce No Normal Sperm
Because of the likely role of mouse PMS2 in DNA mismatch repair, the effect of PMS2 deficiency on the germline was of interest. Whereas heterozygotes and female homozygotes were fertile, repeated breedings of male homozygotes suggested a fertility problem. Studies on PMS2 -lmales indicated a lack of normal sperm and suggested a disruption in spermatogenesis at the primary spermatocytes stage, which coincides with meiosis I (Figure 6 ).
To establish that male sterility was not the result of events other than the disruption of the PMS2 gene, we explored the possibility that a portion of the targeting vector integrated during the replacement event. For example, males carrying certain HSV-tk-expressing transgenes are sterile (Braun et al., 1990) . We discounted this explanation because, despite appropriate controls, we detected no evidence for either of the tk sequences of the original targeting plasmid in the tail DNA from our knockout mice. Another possibility is that a genetic alteration unlinked to the PMS2 gene caused sterility. This is unlikely because sterility segregates with the disrupted PMS2 gene and is only seen in the homozygous animals. Yet another potential explanation for male sterility unrelated to a deficiency in DNA mismatch repair is that expression of a nearby gene is affected by the PMS2 targeting event. Because we failed to detect any unexpected rearrangements adjacent to either side of neo insertion in PMS2, we do not favor such an explanation. We cannot rule out other more distal rearrangements or a cis effect caused by the insertion of neo in PMS2. However, based upon the high level of genetic instability seen in the male germline and the observations on abnormal chromosome synapsis discussed below, we consider such trivial reasons for the observed male infertility unlikely.
Accepting that the male infertility observed is due to PMS2 deficiency, one issue that arises is why PMS2 -lfemales are fertile. Reasons for male-specific sterility are numerous and have been addressed in the literature (de Boer and de Jong, 1989; Speed, 1989) . Relevant differences between the male and female mammalian germlines are a requirement for a high sperm count in males, a greater number of premeiotic divisions in males, and a rapid, continuous meiotic cycle in males as opposed to the interrupted meiosis that occurs in females (Speed, 1989) . In addition, chromosome aberrations that result in synaptic abnormalities preferentially disrupt fertility in the heteregametic sex (Miklos, 1974) . Therefore, we are not particularly surprised that PMS2 deficiency in the mouse causes male, and not female, infertility.
Abnormal Synapsis Is a Feature of Meiosis in PMS2-Deficient Males
Because the abnormal testicular histology we observed resembled that attributed to inappropriate synapsis seen in sterile males with certain chromosome rearrangements (de Boer and de Jong, 1989), we examined meiotic prophase I in the PMS2-deficient males. The most prominent features of prophase nuclei in the mutant males were both minor and extensive asynapsis, nonhomologous synapsis, abnormal (discontinuous) synaptonemal complexes and fragments, interlocking bivalents, displaced XY bodies, associations of autosomal bivalents with the sex chromosomes, and univalents in the diplotene stage of meiotic prophase I. Most of these abnormalities suggest difficulties in the initiation of synapsis between homologs during prophase. Furthermore, each of these synaptic disturbances has been observed in cases of male sterility associated with chromosome aberrations (de Boer and de Jong, 1989; Speed, 1989) . Therefore, we propose that aberrant synapsis can account for the failure of spermatogenesis in the PMS2-deficient males.
Assuming that abnormal synapsis is the primary cause of spermatogenic failure, what is the link between a defect in DNA mismatch repair and inappropriate chromosome synapsis? Because DNA mismatch repair has two major roles, one in preventing mutations and a second in genetic recombination, we offer two general types of explanations. First, in terms of preventing mutations, we observed a mutation frequency in single sperm of -10% at each of three microsatellite sequence loci examined. If sterility was due to the random accumulation of mutation, we would have predicted a stochastic outcome, namely, the production of at least some normal spermatozoa. However, we cannot rule out accumulation of mutations in genes or other DNA sequences that are especially mutable in a DNA mismatch repair deficient background. A priori, such mutational "hot spots" could lie in genes with important functions in meiosis or in noncoding sequences that might have a role in chromosome behavior. Another mutation-based explanation is that numerous mispairs, e.g., in microsatellite sequences, formed during premeiotic S phase would persist into prophase and possibly trigger arrest at a meiotic checkpoint.
Second, interactions between DNA mismatch repair and genetic recombination are well known. The mismatch repair machinery corrects mispairs that occur in heteroduplex intermediates formed during meiotic recombination in fungi (Petes et al., 1991) . In addition, studies with yeast have led to a proposal that mismatch repair regulates the formation of heteroduplex DNA . In vivo studies show that mismatch repair can act as a barrier to recombination between "homeologous" sequences, e.g., 1%-15% divergent, in both bacteria (Rayssiguier et al., 1989) and yeast (Selva et al., 1995) . One consequence of mismatch repair deficiency in E. coli is increased recombination between repeat elements that in turn leads to chromosomal rearrangements (Petit et al., 1991) . In vitro studies indicate that bacterial RecA-driven strand exchange or heteroduplex formation between homeologous sequences is controlled by the bacterial mismatch repair proteins MutS and MutL (Worth et al., 1994) . In light of the increased homeologous recombination in mismatch repair defective bacteria and yeast cells, we were particularly interested in determining whether chromosome rearrangements such as translocations were the basis for the observed male infertility. However, we did not observe synaptic configurations in the PMS2-deficient males that are characteristic of translocations or inversions (Ashley, 1988 (Ashley, , 1990 . Therefore, we do not believe that genomic rearrangements due to an increase in reciprocal recombination between repeated sequences are the primary basis for the synaptic disturbances.
It is now generally accepted that a homology search utilizing recombination machinery leads to an initial pairing state. Following completion of synapsis as evidenced by fully formed synaptonemal complexes, further recombination events take place. Recombination intermediates are subsequently resolved in diplotene/diakinesis (Smithies and Powers, 1986; Carpenter, t987; Roeder, 1990; Hawley and Arbel, 1993; Kleckner and Weiner, 1993) . With the preceding in mind, we propose that a defect in mismatch repair interferes with those recombination processes that are involved in the normal synapsis of homologous chromosomes during meiotic prophase I. Because two stages of recombination have been proposed in meiosis, the first associated with the early step of homology searching and a second with recombination events that occur in the presence of the synaptonemal complex, DNA mismatch repair deficiency could impact meiosis at one or both stages. However, because the synaptic aberrations we observed are most consistent with problems in synaptic initiation, we believe that the PMS2 defect is manifested at the stage of homology searching.
In summary, we have observed that homozygosity for a null mutation in the DNA mismatch repair gene PMS2 appears to be compatible with normal embryonic and fetal development in the mouse. In the adult, a prominent phenotype associated with PMS2 deficiency is male sterility due to failure in the process of spermatogenesis. The disruption of spermatogenesis in PMS2-deficient animals is associated with abnormal chromosome behavior in meiosis, most prominently disturbances in chromosome synapsis. These findings suggest links among DNA mismatch repair, genetic recombination, and chromosome synapsis in mammalian meiosis.
Experimental Procedures
Isolation and Sequence Determination of Mouse PMS2 cDNA A 212 bp fragment of human PMS2 was amplified by polymerase chain reaction (PCR) from human cDNA using degenerate oligonucleotide primers as described previously (Bronner et al., 1994) , This PMS2 fragment was used to isolate two cDNA clones from a mouse teratocarcinoma cDNA library (;~ZAP, Stratagene) that were combined to create a composite bearing an open reading frame comparable to human PMS2. Sequencing according to the manufacturer was performed using Sequenase version 2 (United States Biochemical).
Construction of PMS2 Targeting Vector
Using the mouse PMS2 cDNA, we isolated from a 129/Sv strain library (ZFIXII, Stratagene) a genomic clone containing a 17 kb insert bearing the first six exons of the open reading frame. The insert was subcloned with Notl into pHSS19 (Hoekstra et al., 1991) . A 2,5 kb Kpnl fragment containing the second exon was blunted with T4 DNA polymerase and digested with BamHI (see Figure 2A) . The second exon was replaced with the EcoRV-BglIII fragment containg the neo gene from pKT3NP4 (provided by Dr. M. Capecchi). A XbaI-Sall fragment containing the neo gene and flanking PMS2 sequence was inserted into XbaI-Xholdigested pTK1-TK2A (provided by Dr. M. Capecchi), between the tk genes from HSV type 1 and type 2,
ES Cell Culture and Transfection
Sall-linearized targeting vector (25 p.g) was electroporated with a GenePulser (25 p,F capacitance and 320 V; Bio-Rad Laboratories) into 1 x 107 D3 ES cells (provided by Dr. T. Doetschman). Selection for G418-resistant, gancyclovir-resistant ES clones has been described previously (Elliott et al., 1994) . Genomic DNA from individual clones was analyzed by Southern blot using a 1 kb PvulI-Xbal fragment located immediately 5' of the genomic sequence contained in the targeting vector (see Figure 2A ). Targeted clones, based upon the BgllI-Xhol digests (see Figure 2B) , were confirmed by HpaI-Xhol digestion.
Generation of PMS2-Deflcient Mice
An average of 12 cells of four targeted ES cell clones were injected into C57BL/6 blastocysts. Of these, seven or eight blastocysts were transferred into pseudopregnant female recipient C57BL/6 mice. Both male and female chimeras were bred to C57BL/6 animals. One targeted ES cell clone, A22, produced a male chimera (with >90% agouti coat color) whose germline transmitted the agouti coat color marker in all (30) offspring. Approximately half of the offspring (13 of 30) genotyped as positive for the targeted PMS2 mutation. Heterozygous siblings were mated to generate PMS2 -~ animals.
Genotyping of Animals
Southern blot analysis as described above for targeting was used to genotype the initial animals. To genotype subsequent animals, we designed oligonucleotide primers for PCR that distinguish the 5' boundary of the endogenous from targeted allele: P2-1, TTCGGTGA-CAGATTTGTAAATG; P2-2, TTTACGGAGCCCTGGC; P2-3, TCAC-CATAAAAATAGTTTCCCG. Primers P2-1 and P2-2 give a product diagnostic of a targeted allele that is -180 bp, compared with primers P2-1 and P2-3, which yield the normal allele product of -300 bp. PCR was performed in a 50 I~1 reaction containing 100 ng of genomic DNA, and 20 pmol of each primer, except primer P2-1, was added at 40 pmol per reaction, 0.2 mM of each dNTP, 1.5 mM MgCI2, and 0.25 U of Taq polymerase. Cycling conditions were 94°C for 5 min, 61 °C for 1 min; 72°C for 1 min; 94°C for 1 rain, 59°C for 1 min, 72°C for 1 rain; 94°C for 1 min, 57°C for 1 min, 72°C for 1 min; 94°C for 1 min, 55°C for 1 min, 72°C for 1 min; 94°C for I min; 55°C for 30 s, 72°C for 1 min (35 cycles), followed by an extension at 72°C for 5 min.
Culturing of Embryonic Cells
Embryonic cells were isolated from day 15 embryos. The viscera of each embryo was used for DNA genotyping. The remaining embryonic tissue was minced and immersed in 5 ml of 0.05% trypsin overnight at 4°C. Suspensions were incubated at 37°C for 20 min, followed by addition of an equal volume of DMEM (supplemented with 10% calf serum, nonessential amino acids, 0.5 i~g/ml gentamicin sulfate), and were finally triturated without foaming. Cells were centrifuged at 500 x g for 30 s (to remove any aggregated tissue) and the number of suspended cells determined. Cells were plated into growth media at 5 x 10 s cells per 100 mm dish.
Antibody Production and Western Blot Analysis
A fragment of the mouse PMS2 cDNA extending from a unique internal Bglll site through the end of the open reading frame was cloned into pGEX-3X (Pharmacia Biotech). Expression in E. coil produced a peptide representing the carboxy-termina1195 amino acids of the mouse PMS2 protein. The gel-purified peptide was used as antigen to make polyclonal antibodies (Pocono Rabbit Farm and Laboratory). For Western blot analysis, 20 p.g of protein from cultured cell extracts were separated by SDS-PAGE, blotted onto Immobilon P transfer membrane (Millipore), and treated with affinity-purified PMS2 antiserum. Bound PMS2 antibody was detected by chemiluminescence (Renaissance, Dupont) using a goat anti-rabbit IgG horseradish peroxidase conjugate (Bio-Rad).
Microsatellite Analysis of Tumor DNA
Oligonucleotide primer pairs for amplifying specific CA repeats by PCR were obtained from Research Genetics. PCRs were in 25 ILl Volumes containing 50 ng (for tumor) or 10 ng (for C57BL/6 or 129/Sv) template DNA, 10 pmol of each primer, 0.2 mM of each dNTP, 1.5 mM MgCI~, and 0.25 U of Taq polymerase for 35 cycles with 1 rain at 94°C, 1 min at annealing temperature, and 1 min at 72°C. Annealing temperature for the first cycle was 61 °C, which was then reduced successively by 2°C in each of the next five cycles. The remaining cycles were annealed for 30 s at 51 °C. The products were separated on a 7% polyacrylamide denatu ring sequencing gel and visualized by autoradiography after blotting onto Hybond N ÷ membrane (Amersham) and probing with an ~P-labeled oligonucleotide with the sequence (CA)71.
Histology of Mouse Testis
Surgically removed testes were placed into 5 ml of ice cold Bouin's fixative (Sigma). After 1 hr, -10% from each pole of a testis was removed and placed in 5 ml of fresh Bouin's fixative at 4°C for 4-16 hr. The testes were washed with 70% ethanol for 4 hr and processed for embedding in paraffin wax. Sections (4 p.m) were mounted onto microscope slides and stained with periodic acid, Schiff's, and hematoxylin. Cell types and stages were identified as described previously (Russell et al., 1990) .
Isolation of Spermatozoa from the Cauda Epididymis
Following fine incisions, the epididymis was transferred into 300 ~1 of 2.2% sodium citrate and incubated at 32°C for 10 min and then discarded. Sperm suspensions (5 p.I) were smeared on a microscope slide, allowed to dry, and stained with hematoxylin-eosin.
Single Sperm Analysis
DNA was obtained from sperm sorted by FACS (Leeflang et al., 1994) or by appropriate dilution of DNA isolated from pooled sperm. Amplification was performed using two rounds of PCR, an initial round with an upstream and downstream primer and a second round using the original upstream primer and a new primer placed between the first round primers (hemi-nesting). For each of the three loci examined, D4Mit27, DgMit67, and D15Mit59, two of the primers used for amplification were those described by Research Genetics and a third primer was made to allow hemi-nesting. The primers sequences are as follows: D4Mit27, first round amplification, AATCAGGCAGCTAGTCACAG; DgMit67, second round amplification, GCAGAAGTATCCAGTATCT-GTG; D15Mit59, first round amplification, GAATCCTCCCCATTGAT-TTCC. In every case the primer concentration was 0.2 raM. The PCR buffer was as described previously (Leeflang et al., 1994) but with the addition of 10% glycerol in the first round. The cycling conditions for D4Mit27 were, for the first round, 92°C for 30 s and 63°C for 3 min for 11 cycles and 92°C for 30 s and 63°C for 2 min for 19 cycles. For the second round, 2 p.I of first-round product was denatured at 94°C for 5 min followed by 27 cycles of 94°C for 30 s and 60°C for 1.5 min. The conditions for DgMit67 and D15Mit59 were 94°C for 30 s and 63°C for 4 min for 11 cycles and 94°C for 3 rain and 63°C for 3 rain for 16 cycles. After transfer of 2 p.I, the second round consisted of 27 cycles of 94°C for 30 s and 60°C for 1.5 min. All PCRs ended with an extension for 5 min at 72°C.
Preparation of Spermatocytes for Electron Microscopy
Microspreads of spermatocytes were prepared using the procedure of Speed (1982) , with modifications recommended by A. Peters (personal communication). The slides were stained with 500/o silver nitrate that was placed on the spermatocytes, covered with nylon netting and a coverslip, and incubated in a moist chamber at 55°C as described by Sherman et al. (1992) .
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